Background Advanced esophageal dysplasia and early cancers have been treated traditionally with esophagectomy. Endoscopic esophageal mucosectomy (EEM) offers less-invasive therapy, but high-degree stricture formation limits its applicability. We hypothesized that placement of a biodegradable stent (BD-stent) immediately after circumferential EEM would prevent stricturing. Methods Ten pigs (five unstented controls, five BD-stent) were utilized. Under anesthesia, a flexible endoscope with a band ligator and snare was used to incise the mucosa approximately 20 cm proximal to the lower esophageal sphincter. A 10-cm, circumferential, mucosal segment was dissected and excised by using snare electrocautery. In the stented group, an 18-9120-mm, self-expanding, woven polydioxanone stent (ELLA-CS, Hradec-Kralove) was deployed. Weekly esophagograms evaluated for percent reduction in esophageal diameter, stricture length, and proximal esophageal dilation. Animals were euthanized when the stricture exceeded 80 % and were unable to gain weight (despite high-calorie liquid diet) or at 14 weeks. Results The control group rapidly developed esophageal strictures; no animal survived beyond the third week of evaluation. At 2 weeks post-EEM, the BD-stent group had a significant reduction in esophageal diameter (77.7 vs. 26.6 %, p \ 0.001) and degree of proximal dilation (175 vs. 131 %, p = 0.04) compared with controls. Survival in the BD-stent group was significantly longer than in the control group (9.2 vs. 2.4 weeks, p = 0.01). However, all BD-stent animals ultimately developed clinically significant strictures (range, 4-14 weeks). Comparison between the maximum reduction in esophageal diameter and stricture length (immediately before euthanasia) demonstrated no differences between the groups. Conclusions Circumferential EEM results in severe stricture formation and clinical deterioration within 3 weeks. BD-stent placement significantly delays the time of clinical deterioration from 2.4 to 9.2 weeks, but does not affect the maximum reduction in esophageal diameter or proximal esophageal dilatation. The timing of stricture formation in the BD-stent group correlated with the loss radial force and stent disintegration.
arise from segments of Barrett's esophagus (BE); intestinal metaplasia induced by gastroesophageal reflux. Barrett's esophagus is seen in approximately 10 % of patients with reflux who undergo endoscopy [4] . Whereas only a small minority of patients with BE will develop esophageal AC (approximately 0.5 % annually), predictive models have suggested that the rate of progression from BE to highgrade dysplasia or invasive cancer may be as high as 40 % in high-risk populations [5] [6] [7] [8] .
Esophageal cancers confined to the mucosa (both SCC and AC) and high-grade dysplasia associated with BE have been traditionally treated with esophagectomy, which removes all of the dysplastic/neoplastic epithelium as well as the locoregional lymph nodes. Whereas this therapy is definitive in its extent of resection, esophagectomy is plagued with high rates of morbidity and mortality. As a result of these issues, 30-50 % of patients develop at least one serious postoperative complication and 5-12 % of patients will die [9] [10] [11] [12] . Even in the era of the minimally invasive esophagectomy, where laparoscopic and thoracoscopic methods have reduced operative blood loss, intensive care unit length of stay, and postoperative pain, changes in morbidity and mortality have not been seen [13] .
Endoscopic ablation of dysplastic mucosa represents an alternative to esophagectomy. By utilizing radiofrequency, thermal or photochemical energy, these methods destroy the diseased segment of mucosa, sparing the remaining normal esophagus; all with minimal morbidity and mortality [14, 15] . Although less invasive, these ablative methods are prone to undertreatment and, by design, destroy the specimen, preventing final histological analysis of the degree of dysplasia or the invasiveness of the cancer. Ablative therapies, including argon plasma coagulation and photodynamic therapy, have been associated with migration of BE into the gastric cardia and with the development of ''buried Barrett's'' glands beneath the neosquamous lining within which AC can develop [16, 17] .
Endoscopic resection of dysplastic/neoplastic mucosa, endoscopic esophageal mucosectomy (EEM), represents an alternative treatment method to both esophagectomy and mucosal ablation. By removing the diseased portion of the esophagus, the mucosa, this procedure avoids the morbidity and mortality of major thoracoabdominal procedure but still provides an intact tissue specimen for histopathologic analysis. Therefore, EEM can provide valuable staging information, documenting submucosal invasion that would necessitate an esophagectomy while curing the disease if no submucosal involvement is identified [18] . Such information is not available with endoscopic ablation. A recent analysis demonstrated both financial and survival benefits for endoscopic therapy over surgical therapy for early esophageal cancers perhaps due to the low risk of lymph node metastases [19] .
In the United States, the general practice is to perform endoscopic mucosal resection (EMR) for small areas of high-grade dysplasia with intramucosal cancer and concomitant endoscopic ablation of other dysplastic segments of BE [20, 21] . This carries a risk of missing synchronous lesions as well as the development of metachronous lesions over time [22] . Endoscopic surveillance is thus continued indefinitely [23] . EMR is less suitable for lesions [2 cm or for multiple lesions since piecemeal resection increases the complication rate and makes it difficult or impossible to determine the adequacy of the resection. For such lesions, endoscopic submucosal dissection (ESD) is performed.
Practiced mainly in Japan, ESD has a steep learning curve and a higher complication rate than EMR but entirely preserves tissue architecture for histopathologic analysis [24] . Importantly, stricture formation after esophageal ESD is common, although the exact rate of clinically significant stricture formation is unknown [25, 26] . Strictures are more likely to occur when the resection involves [75 % of the lumen circumference or C3 cm of lumen length [26, 27] . A therapy to reduce stricture formation after circumferential EEM may be the only barrier to replacing a radical esophagectomy with a minimal invasive endoscopic procedure.
Refining EEM techniques have been performed in animal models, but survival studies have been limited by aggressive stricture formation [28] [29] [30] . Circumferential EEM resulted in strictures within 2 weeks in all animals in one swine study [31] . Therapies have been proposed to prevent such stricture formation. Transplantation of autologous epithelial cell sheets following hemicircumferential ESD resulted in better healing and reduced strictures in dogs survived for 4 weeks [27] . Injection of keratinocytes isolated from the buccal mucosa resulted in prevention of stricture formation at the site of injection following EEM in a swine model [32] . Extracellular matrix also has been reported to reduce strictures in dogs treated with circumferential EEM [33] . Collectively, these animal studies demonstrate potential of highly sophisticated (and often proprietary) wound healing therapy to reduce stricture formation after EEM.
We hypothesized that the immediate placement of a commercially available biodegradable enteral stent (BD-stent) would prevent stricture formation after circumferential EEM, bypassing the need for the development of a highly engineered product and providing a clinical therapy that can be implemented immediately.
Methods
All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Case Western Reserve University, Cleveland, OH. Ten domestic swine (Sus scrofus domesticus) were utilized (five unstented controls and five BD-stent animals). Animals were provided water and standard chow ad libitum during the mandated 1-week quarantine period followed by food restriction for 18 hours before the procedure.
Immediately before the procedure, anesthesia was induced with tiletamine hydrochloride and zolazepam (10 mg/kg, IM, Telazol, Fort Dodge Animal Health, Fort Dodge, IA). The animals were intubated and anesthesia maintained with 1-2 % isoflurane delivered in 100 % O 2 by mechanical ventilation with SpO 2 , respiratory rate, and pulse rate monitored throughout the procedure. Preoperative antibiotics (tulathromycin, 2.5 mg/kg, IM, Draxxin, Pfizer, New York, NY) and analgesics (fentanyl, 25 lg/hr, Transdermal, Alza Corp, Mountain View, CA) were administered. All endoscopic equipment (except sterile-packaged, disposable pieces) underwent high level disinfection with ortho-phthaladyhdye solution (Cidex; Johnson and Johnson, New Brunswick, NJ) before use.
A dual-channel endoscope (GIF 2T160; Olympus America, Center Valley, PA) preloaded with a commercially available band ligating device (Super 7, BSCI; Duette, Wilson Cook Medical, Winston-Salem, NC), was introduced into the esophagus. The band ligator was used to create a mucosal pseudo-polyp 20 cm proximal to the lower esophageal sphincter (Fig. 1 ). An endoscopic EMR snare with a 10-15 mm opening (SD-210U-10/15, Olympus) was then used to transect the stalk of the pseudopolyp, allowing access to the submucosal plane. This process was repeated, completing a circumferential incision through the mucosal layer. A column of mucosa (approximately 10 cm) was subsequently dissected free from the underlying musculature and excised using snare electrocautery (Fig. 2) . Hemostasis was maintained throughout the procedure. The excised mucosa was fixed in formalin and stained with hematoxylin and eosin (H&E), and Masson's Trichrome for analysis of the depth of resection. For the control group, no additional therapy was performed.
For the stent group, a 0.89-mm (0.035'') guidewire was passed through the working channel of the endoscope into the stomach. The endoscope was then withdrawn over the wire. A commercially available, uncovered, 18-9 120-mm, self-expanding, esophageal stent (SX-ELLA, ELLA-CS, Hradec-Kralove, Czech Republic) was loaded into its sheath delivery system according to the manufacturer's instructions for use (Fig. 3) . Subsequently, the deployment system was passed over-the-wire and into the esophagus. The stent was deployed to cover fully the area of esophageal mucosal defect and position was confirmed endoscopically (Fig. 4) . To prevent stent migration, a permanent, monofilament suture was looped through the interstices of the proximal stent and secured percutaneously to the animal's chin in a position that prevented them from chewing through the suture.
After EEM (in controls) or EEM with BD-stent placement, contrast and noncontrast fluoroscopic images were recorded. The positions of the radiopaque stent markers were first noted on anterior-posterior images. Barium sulfate contrast suspension (E-Z-Paque, E-Z-EM Canada, Inc., Lake Success, NY) was then injected per os to visualize the Baseline measurements of the esophageal diameter (at the area of the EEM and proximal to the EEM) and EEM length were recorded. Following imaging, the animals were recovered and returned to their housing where an ad lib diet was resumed.
Weekly, animals were sedated (Telazol, 4 mg/kg) to permit weight assessment and for fluoroscopic and endoscopic surveillance of stricture progression. Contrast fluoroscopic images were obtained, digitized, and esophageal measurements recorded. The reduction in esophageal diameter, the stricture length, and degree of proximal esophageal dilation were all calculated as a percentage of the baseline measurements obtained after the EEM procedure. The average diameter at three locations along the lesion-proximal, middle, and distal-were compared to native tissue diameter proximal to the lesion at week 0 for a determination of the reduction in esophageal diameter. The length of the strictured area also was measured and compared to the original mucosal defect to assess for longitudinal shortening of the esophagus. The change in diameter proximal to the lesion was compared to that of week 0 as an indirect indicator of stricture formation, demonstrating esophageal dilation proximal the stricture.
A high-calorie, liquid diet was provided to animals who displayed symptoms of esophageal stricture (regurgitation or poor weight gain). Animals were euthanized when the esophageal stricture exceeded 80 %, if they were unable to gain weight (despite diet modification) or at 14 weeks.
Animals were first anesthetized by an intramuscular injection of Telazol and then euthanized by an overdose of pentobarbital sodium ([100 mg/kg IV). This method is consistent with the recommendations of the 2000 Panel on Euthanasia of the American Veterinary Medical Association [34] . Samples, including native tissue and stricture zone, were collected for histological analysis. Tissues were fixed in formalin, embedded, sectioned, and stained with H&E and Masson's Trichrome. Specimens were then analyzed by a veterinary pathologist blinded to the study design and specimen origin. A 5-point Likert scale was used to assess the degree of inflammation, healing, fibrosis, and tissue remodeling.
Power and statistical analysis
Control animals developed a mean reduction in esophageal diameter of approximately 78 %, with a standard deviation of 12 %, 2 weeks following resection. Therefore, a sample size of five per group was adequate to detect a 25 % reduction in stricture size with a significance level of 0.05 and power of 0.8 using t test (SigmaStat, version 3.11, Sysstat Software, Inc.). A 25 % reduction in stricture size compared to control (78 %) would result in a stricture of approximately 50 %, a level at which the therapy would have clinical relevance. All comparisons between groups were made using t test (SigmaStat). A p value \0.05 was considered significant.
Results
All control animals (n = 5) and BD-stent animals (n = 5) successfully underwent EEM without bleeding, perforation, or anesthetic complication. The average starting weight between the groups was similar (31.6 vs. 32.9 kg, p = 0.31). The resected mucosal specimens ranged between 9 and 10 cm, and there was no difference in the resected lengths between groups (p = 0.44). In the BD-stent animals, the ELLA-CS stents were placed successfully without difficulty or stent malposition. There were no stent-related complications (migrations, obstructions, erosions) for the duration of the study. The control group rapidly developed esophageal strictures (Fig. 5) . At 1 week post-EEM, esophageal diameter in the resection area was reduced to 62.2 ± 12.9 % of the baseline value; this increased to 77.7 ± 12.1 % by the second week evaluation. Based on defined study endpoints, no control animal survived beyond the third week of evaluation. Table 1 shows the reduction in esophageal diameter, the stricture length, and degree of proximal esophageal dilation in the control group as percentage change from the baseline values obtained immediately post-EEM. As the esophageal diameter reduced, the length of the previous EEM site shortened and the proximal esophagus dilated.
The BD-stent group demonstrated a different pattern of stricture formation (Fig. 6 ). There was little reduction in the esophageal diameter or proximal esophageal dilation for the first 6 weeks in the majority of animals ( Table 2) . At 2 weeks post-EEM, the last week that all five control animals were alive, the BD-stent group had a significantly less reduction in esophageal diameter (77.7 % vs. 26.6 %, p \ 0.001) and degree of proximal dilation (175 % vs. 131 %, p = 0.04) compared with controls. However, there was no difference in the stricture length between the groups at week 2 (p = 0.52). Figures 7 and 8 compare the percent reduction in esophageal diameter and the percent proximal esophageal dilation between the control and the BD-stent groups, respectively.
Survival in the BD-stent group was significantly longer than in the control group (9.2 weeks vs. 2.4, p = 0.01). However, all BD-stent animals ultimately developed clinically significant strictures (range, 4-14 weeks) requiring euthanasia. Comparison between the maximum reduction in diameter and stricture length (immediately before euthanasia) demonstrated no differences between the groups (p = 0.324 and p = 0.788, respectively). However, there was significantly greater shortening of the esophagus in the BD-stent group compared with the control group (43.4 ± 13.6 % vs. 59.6 ± 6.8 %, p = 0.045) immediately before euthanasia (Fig. 9) .
Histological evaluation of the mucosal specimens, demonstrated uniformly comprised normal-appearing, nonkeratinized, squamous mucosa and superficial submucosa. In all animals, no muscularis propria was identified in the mucosal specimen. Necropsy specimens taken proximal to the EEM site included normal-appearing, full-thickness esophagus with no pathological alterations. Specimens from the site of the stricture were more heterogeneous, demonstrating ulceration, granulation (neovascularization with acute and chronic inflammation), repair, and early (cellular) fibrosis (Fig. 10) . Evidence of reepithelialization was present in some cases. Evidence of reepithelialization was present in some cases. The fibroinflammatory process involved almost the entirety of the submucosa but spared the muscularis propria in all cases. No statistical differences were noted between control animals and stented animals in terms of histological findings (polymorphonuclear leukocytes, lymphocytes, eosinophils, neovascularization, or amount and cellularity of the fibrosis).
Discussion
This study was designed to evaluate the ability of a commercially available, biodegradable enteral stent to reduce the aggressive stricture formation that occurs in a porcine model of circumferential endoscopic esophageal mucosal resection. In control animals, such EEM quickly results in a high degree of stricture formation. These strictures are clinically significant; they result in clinical deterioration (regurgitation and failure to gain weight) and proximal esophageal dilation within 3 weeks. Histology confirmed that the EEM procedure removed an intact mucosal specimen of uniform submucosal depth without damage to the muscularis propria.
Stricture formation after [75 % circumferential ESD occurs at a rate of almost 90 % [26] . Clinically, these strictures can result in dysphagia, weight loss, aspiration pneumonia, and a reduced quality of life. Unfortunately, there are no guidelines to suggest which patients may benefit from stricture prophylaxis regimens, such as preventative balloon dilations or steroid injection [25, 26] . Moreover, dilation regimens are time-and resourceconsuming; some require more than 30 sessions before achieving lasting success [25] . We hypothesized that immediate placement of a commercially available biodegradable enteral stent (BD-stent) would prevent stricture formation following circumferential EEM, preventing the need for postprocedure dilatory therapy.
The BD-stent did significantly delay the time of clinical deterioration from 2.4 to 9.2 weeks but ultimately did not alter the maximum degree of luminal narrowing or proximal esophageal dilation. The SX-ELLA is a fully uncovered stent made of woven polydioxanone, a semicrystalline biodegradable polymer belonging to the polyester family. It degrades by random hydrolysis of its molecule ester bonds. This degradation is accelerated by low pH, and under luminal environmental conditions it is partially absorbed and partially passes through the gastrointestinal tract. It maintains its full integrity and radial force for 6 weeks after deployment. At week 7, the radial force is approximately two thirds and at week 9 approximately one half of the initial force [35] . By 11-12 weeks, the stent fully disintegrates. This stent is available in the European market but is not currently FDA approved for use in the United States.
Our results reflect this degradation process, with slow progression in the degree of luminal narrowing for the first 5-6 weeks followed by stricture formation and proximal esophageal dilation for the next 6 weeks as the stent composition continues to decline. The stents were able to alter the degree of radial stricturing significantly (and as a consequence, the degree of proximal esophageal dilation) for at least 2 weeks after EEM.
Interestingly, there was not a significant difference in the shortening of the EEM lesion between the control (62.7 %) and stented (70.1 %) groups at the 2-week evaluation. This suggests that the BD-stent provided adequate radial force to prevent narrowing but did nothing to restrict longitudinal contracture of the stricture segment. The final value for length obtained for controls immediately before euthanasia (59.6 %) was significantly greater than the final value obtained in the BD-stent group (43.4 %). This again seems to attest to ongoing longitudinal contracture in the face of the radial support of the stent. The stent delayed clinically significant luminal narrowing and extended survival, which permitted additional time for longitudinal contracture to occur.
Histologic analysis of the stricture segments showed that the fibrous scar formation did not involve or disrupt the muscularis propria (Fig. 10) , suggesting that therapies inhibiting fibrosis may be able to alleviate the stricture formation. Such therapies may include topical antiinflammatory or antiproliferative agents. Some degree of reepithelialization was seen in the BD-stent strictured segments. It is possible that a biodegradable stent with a longer in vivo half-life might permit a greater degree of such epithelization to occur. More complete remodeling may reduce the amount of stricture formation after loss of stent integrity.
The limitations of this study included the porcine model, which appears to develop strictures in a more aggressive fashion than humans who undergo circumferential EEM. Moreover, no attempts at endoscopic salvage therapy, such as balloon stricturoplasty, were made in either group as would be standard therapy in humans.
This study confirmed previous findings that circumferential mucosal resection quickly results in stricture Table 2 BD-stent group reduction in esophageal diameter, stricture length, and degree of proximal dilation expressed as a percent change from baseline formation. With no therapy, such strictures become clinically relevant and lead to overall deterioration of the animal. The placement of a BD-stent significantly delays the time to such deterioration but does not alter the final degree of luminal narrowing or proximal esophageal dilatation. The timing of stricture formation correlates with the known loss of radial force (6-8 weeks) of the stent. 
